ABSTRACT-Background: Many sepsis survivors develop chronic critical illness (CCI) and are assumed to be immunosuppressed, but there is limited clinical evidence to support this. We sought to determine whether the incidence of secondary infections and immunosuppressive biomarker profiles of patients with CCI differ from those with rapid recovery (RAP) after sepsis. Methods: This prospective observational study evaluated 88 critically ill patients with sepsis and 20 healthy controls. Cohorts were defined based on clinical trajectory (early death, RAP, or CCI), whereas immunosuppression was clinically determined by the presence of a postsepsis secondary infection. Serial blood samples were collected for absolute lymphocyte counts (ALCs), monocytic human leukocyte antigen-DR (mHLA-DR) expression, and plasma-soluble programmed death-ligand 1 (sPD-L1) concentrations. Results: Of the 88 patients with sepsis, 3 (3%) died within 14 days of sepsis onset, 50 (57%) experienced RAP, and 35 (40%) developed CCI. Compared with RAP patients, CCI patients exhibited a higher incidence and overall number of infections adjusted for hospital length of stay. ALC and mHLA-DR levels were dramatically reduced at the time of sepsis diagnosis when compared with healthy controls, whereas sPD-L1 concentrations were significantly elevated. There were no differences between RAP and CCI patients in ALC, sPD-L1, or mHLA-DR at the time of diagnosis or within 24 h after sepsis diagnosis. However, in contrast to the RAP group, CCI patients failed to exhibit any trend toward restoration of normal values of ALC, HLA-DR, and sPD-L1. Conclusions: Septic patients demonstrate clinical and biological evidence to suggest they are immunosuppressed at the time of sepsis diagnosis. Those who develop CCI have a greater incidence of secondary infections and persistently aberrant markers of impaired host immunity, although measurements at the time of sepsis onset did not distinguish between subjects with RAP and CCI.
INTRODUCTION
During recent years, in-hospital mortality to sepsis has substantially declined (1) . However, this decrease in mortality has not translated into improved long-term outcomes, nor has it resulted in expedited patient recoveries. Instead, the improvement in shortterm survival in the sepsis population has been matched by a growing number of sepsis survivors that develop chronic critical illness (CCI). These patients not only exhibit physical and cognitive deficits that persist beyond their initial hospitalization, but routinely succumb to late complications of sepsis (2, 3) . In fact, recent studies demonstrate that over a third of patients diagnosed with sepsis are dead within a year and that another one-third have not returned to independent living within 6 months (3). CCI patients are often assumed by the clinician to be chronically immunosuppressed, but clinical data to support this are lacking. To date, there have been no studies that examined whether patients with prolonged recoveries after sepsis demonstrate a greater degree of immune suppression as compared with patients who experience a more rapid recovery (RAP).
Host protective immunity has been studied in various patient populations with diverse methodologies being used to assess a patient's immune status. Some of these methodologies are clinically based, measuring outcomes such as the incidence of secondary infections occurring after admission, whereas others focus on biological measures, including gene expression patterns, biomarker profiles, specific cell counts, and immune functional assays (4) (5) (6) . Most of these studies, however, fail to link biomarkers of immunosuppression with poor clinical outcomes such as increased long-term mortality and development of nosocomial infections after sepsis. Thus, we attempted to quantify immune suppression in two different populations of sepsis survivors using clinical outcomes, specifically the incidence of postsepsis secondary infections, as well as biological measures to suggest altered host immunity. We hypothesize that all postsepsis patients will show clinical and biomarker evidence of immune suppression when compared with healthy age-matched controls. Furthermore, we hypothesize that patients who develop CCI after sepsis will exhibit more severe or persistent alterations in biomarkers to suggest greater impairment in protective immunity, which places these patients at risk for subsequent infections and, perhaps, results in increased long-term mortality. Ultimately, our goal was to determine whether RAP from sepsis is associated with biomarker evidence to suggest restoration of host protective immunity, or conversely, whether those with CCI exhibit persistent immune suppression and increased incidence of secondary infections.
PATIENTS AND METHODS

Study Site and Patients
This prospective observational cohort study was approved by the Institutional Review Board of the University of Florida (UF) and was performed between April 2016 and April 2017 at UF Health Shands Hospital, a 996-bed academic quaternary-care referral center. The study was registered with clinicaltrials.gov (NCT02276417) and conducted by the Sepsis and Critical Illness Research Center at UF, whose study design and protocols have previously been published (7) .
Over the 1-year period during which the study was conducted, 85 surgical intensive care unit (ICU) patients were enrolled who were either admitted with, or subsequently developed sepsis during their hospitalization. Patient enrollment and classification is outlined in Figure 1 .
Screening for sepsis was carried out using the Modified Early Warning SignsSepsis Recognition System (MEWS-SRS), which quantifies derangements in vital signs, white blood cell count, and mental status (8) . All patients eligible for inclusion in the study were enrolled within 12 h of sepsis protocol onset on a delayed waiver of consent, which was approved by our Institutional Review Board. If written informed consent could not be obtained from the patient or their legally assigned representative within 96 h of study enrollment, the patient was removed from the study and all collected biologic samples and clinical data were destroyed. All patients with sepsis were managed using a standardized, evidencebased protocol that emphasizes early goal-directed fluid resuscitation as well as other time-appropriate interventions such as administration of broad-spectrum antibiotics. Emperic antibiotics were chosen based on current hospital antibiograms in conjunction with the suspected source of infection (9) . Antimicrobial therapy was then narrowed based on culture and sensitivity data. If a patient did not improve on this standardized empiric antibiotic regimen, a consult was placed to infectious disease for alternative recommendations.
Inclusion and Exclusion Criteria
Patients eligible for participation in the study met the following inclusion criteria: admission to the surgical or trauma ICU; age at least18 years; clinical diagnosis of sepsis, severe sepsis, or septic shock with this being the patient's first septic episode; and entrance into our sepsis clinical management protocol.
Patients were excluded if any of the following were present: refractory shock (i.e., patients expected to die within the first 24 h); an inability to achieve source control (i.e., irreversible disease states such as unresectable dead bowel); presepsis expected lifespan less than 3 months; patient/family not committed to aggressive management; severe CHF (NYHA Class IV); Child-Pugh Class C liver disease or preliver transplant; known HIV with CD4 þ count less than 200 cells/mm 3 ; organ transplant recipient or use of chronic corticosteroids or immunosuppressive agents; pregnancy; institutionalized patients; chemotherapy or radiotherapy within 30 days; severe traumatic brain injury (i.e., evidence of neurological injury on CT scan and a GCS <8); spinal cord injury resulting in permanent sensory and/or motor deficits; or inability to obtain informed consent.
Patient Classification
Patients were diagnosed with sepsis, severe sepsis, or septic shock using the definitions established by the Society of Critical Care Medicine, the European Society of Intensive Care Medicine, the American College of Chest Physicians, the American Thoracic Society, and the Surgical Infection Society (SCCM/ ESICM/ACCP/ATS/SIS) 2001 International Sepsis Definitions Conference (10). CCI was defined as an ICU length of stay (LOS) at least 14 days with evidence of persistent organ dysfunction, measured using components of the
FIG. 1. Flow diagram outlining patient enrollment and classification.
Sequential Organ Failure Assessment (SOFA) score at 14 days (i.e., cardiovascular SOFA ! 1, or score in any other organ system ! 2) (11). Patients with an ICU LOS less than 14 days would also qualify for CCI if they were discharged to another hospital, a long-term acute care facility, or to hospice, and demonstrated evidence of organ dysfunction at the time of discharge. Those patients experiencing death within 14 days of sepsis onset were excluded from the clinical and biomarker analyses. Any patient who did not meet criteria for CCI or early death was classified as RAP. As there is no consensus definition for CCI, we focused on combining key elements established by previous definitions reported in the literature, including the requirement for prolonged intensive care and the presence of persistent organ dysfunction. However, our definition was modified to include a more broad classification of organ dysfunction, as previous definitions relied heavily on the presence of respiratory failure requiring mechanical ventilation.
Primary Clinical Outcomes
Primary outcomes included incidence and overall number of secondary infections per patient during the index hospitalization, secondary infections corrected for the time at risk (i.e., secondary infections per 100 hospital person days), discharge disposition, and all-cause 30-day and 6-month mortality. Immunosuppression was determined clinically, by the presence of a secondary infection, because these patients are prima facie immunocompromised. This concept is supported by a recent study, which demonstrated the genomic response of patients who acquire secondary infections after sepsis is consistent with that of immune suppression (6). As previously described, secondary infections were defined as any probable or microbiologically confirmed bacterial, yeast, fungal, or viral infection requiring treatment with antimicrobials and occurring at least 48 h after sepsis protocol onset during the index hospitalization (6, 12, 13) . Coexisting infections, that is, those occurring within the first 48 hafter sepsis diagnosis, were not included because these were felt to represent simultaneous infections independent of the primary sepsis event. Viral titers were not routinely measured; therefore, subclinical viral infections are not presented in this analysis.
Selection of Biomarkers
In routine laboratory analyses, absolute lymphocyte counts (ALCs) have been used as an indicator of immune suppression because lower ALCs are linked to the reactivation of latent viruses as well as recurrent bacterial infections requiring hospital admission (14) (15) (16) . In addition, monocytic human leukocyte antigen-DR (mHLA-DR) expression on CD14 þ blood monocytes has been found to correlate with mortality in severe sepsis patients and susceptibility to secondary infections in neurosurgical patients (17, 18) . Elevated levels of sPD-L1, the soluble form of the transmembrane receptor PD-L1, has been associated with decreased activation of T cells and T-cell apoptosis in cancer (19, 20) .
Sample Collection and Laboratory Analyses
Serial blood samples were collected from hospitalized septic patients at 12 h-1, 4, 7, 14, 21, and 28 days after sepsis protocol initiation. Blood samples were also collected from 20 healthy controls, which were age-, race-, and sexmatched to the sepsis population. For septic patients, complete blood counts with differential were performed by the Clinical and Diagnostic Laboratories at UF Health Shands Hospital for determination of ALCs. Plasma levels of sPD-L1 were determined by ELISA (R&D Systems, Minneapolis, Minn).
mHLA-DR expression was determined using fluorescence quantification with the Quantibrite HLA-DR/Monocyte system (BD Biosciences, San Jose, Calif) following the manufacturer's instructions. Fluorescent beads were used to quantitate the number of binding antibodies per CD14 þ cell. Fluorescence was determined using a Becton-Dickinson LSR II Flow Cytometer (BD Biosciences).
Statistical Analysis
Data are presented as frequency and percentage for categorical variables, or mean and SD, or median and 25th/75th percentiles for continuous variables. Fisher exact test and the Kruskal-Wallis test were used for comparison of categorical and continuous variables, respectively. The number of secondary infections per 100 hospital person days and the number of secondary infections per patient were modeled using a Poisson model with overdispersion. Six-month survival and incidence of secondary infection curves were plotted for both the CCI and RAP groups using the Kaplan-Meier method.
The effect of time and group on laboratory results were modeled using generalized estimating equations (GEE) with Poisson variance assumption and log link, which incorporated time, group, and the interaction of the two variables into the model. The fitted mean functions are plotted with 95% pointwise confidence bands. The means of the laboratory results for each group at distinct time points have been added to all plots.
Univariate and multivariate logistic regression models using HLA-DR, sPDL1, and ALC at 24 h after sepsis onset were constructed to predict clinical trajectory (CCI and early death vs. RAP), as well as the incidence of secondary infection. Adjusted and unadjusted odds ratios (ORs) and the area under the receiver-operating characteristics (AUC) curve values with 95% confidence intervals (95% CIs) were reported. All significance tests were two-sided, with P 0.05 considered statistically significant. These statistical analyses were performed using SAS 9.4 (SAS Institute Inc, Cary, NC) and R 3.4.0 (Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Patient Demographics and Sepsis Characteristics
Demographics of the overall cohort and the individual RAP and CCI groups appear in Table 1 . Of the 88 patients enrolled, 3 died within the first 14 days of sepsis onset (3%), 35 patients progressed to CCI (40%), and 50 patients experienced RAP (57%). Between the CCI and RAP groups, there were no significant differences in patient age, race, number of comorbidities, or hospital transfer status. However, patients with CCI showed greater physiological derangement within 24 h after sepsis onset, as indicated by their APACHE II scores (P < 0.001). Only 40% of the entire cohort was admitted for either sepsis or an infectious-related complication, whereas the majority of surgical patients enrolled in the study were admitted for noninfectious etiologies, a planned surgical procedure, or severe traumatic injury. Sepsis characteristics of the two cohorts of interest, that is, RAP and CCI, appear in Table 2 . In comparison to patients who experience RAP, CCI patients were twice as likely to develop hospital-acquired sepsis (sepsis onset !48 h after hospital admission) and 3 times as likely to present in septic shock (P < 0.001 and P ¼ 0.008, respectively). With regard to primary sepsis diagnosis, CCI patients demonstrated a predisposition toward pneumonia, whereas RAP patients were more likely to present with necrotizing soft tissue infections or urosepsis. Notably, the incidence of intra-abdominal infections did not significantly differ between groups, nor did the number of surgical source control procedures performed.
Patient Outcomes and Clinical Evidence of Immune Suppression
Patient outcomes are presented in Table 3 . A striking number of CCI patients acquired a secondary infection (25 patients, or To detect significant differences in discharge disposition between groups, CCI patients with an ICU length of stay 14 days (n ¼ 4) were excluded because these patients qualified for CCI based on discharge disposition. ‡
Thirty-day and 6-month mortality include deaths from all causes within the 30-to 180-day period following sepsis protocol initiation, respectively. CCI, chronic critical illness; CLABSI, central line-associated bloodstream infection; NSTI, necrotizing soft tissue infection; SD, standard deviation; UTI, urinary tract infection.
71%), with a mean onset of 12 days. In contrast, only a small percentage (6%) of RAP patients developed a secondary infection (P < 0.001). Within the CCI cohort, the mean number of secondary infections per patient was 1.11, in comparison to 0.06 in the RAP group (P < 0.001). Even after adjusting for time at risk (i.e., hospital LOS), the difference in the incidence of secondary infections between CCI and RAP groups remained statistically significant (P < 0.001). The most commonly observed secondary infection was pneumonia (n ¼ 11), followed by intra-abdominal infections (n ¼ 10), surgical site infections (n ¼ 6), urinary tract infections (n ¼ 4), and reactivation of latent viruses (n ¼ 4). Of the intra-abdominal infections, the most common etiologies were intra-abdominal abscesses, anastomotic leaks, and Clostridium difficile colitis. Although the etiology of secondary infections did not significantly differ between groups, there was a trend toward increasing viral, fungal, and surgical site infections in the CCI group, without a single patient in the RAP group experiencing one of these infections (Table 3) . Notably, most RAP patients who developed a secondary infection were likely to present with these infections within the first 10 days of sepsis onset, but thereafter, the incidence of secondary infections slowed, reaching a plateau. Conversely, in the CCI group, there was a continued sharp rise in the incidence of secondary infections until approximately 20 days after sepsis diagnosis, at which point the curve stabilized (Fig. 2) .
In addition to the frequency of secondary infections, discharge dispositions between the two groups were examined. To determine significant differences between groups, the four patients who met the criteria for CCI based on their discharge disposition and an ICU LOS less than 14 days were excluded. After excluding these individuals, we found that CCI patients were still more likely to be discharged to ''poor'' discharge dispositions, as compared with patients with RAP, the majority of which (92%) were discharged to home or to a rehabilitation facility.
Not only were CCI patients more likely to require a higher level of care due to presumed functional impairment, but these patients also exhibited a statistically significant increase in 30-day and 6-month mortality (P ¼ 0.015 and P ¼ 0.002, respectively) ( Table 3 and Fig. 3) . A striking 26% of CCI patients had succumbed within 6 months after their initial sepsis event, with 11% dying within the first 30 days. Comparatively, 96% of RAP patients were alive 6 months.
Characteristics of Patients With Secondary Infections
A subgroup analysis was performed to examine differences in the characteristics of patients who developed secondary infections and those who did not (Table 4) . On average, patients who acquired secondary infections after sepsis were older (62 AE 16 yr vs. 55 AE 16 yr, P ¼ 0.044), had more comorbidities (4.9 vs. 3.4, P ¼ 0.025), and were more likely to present in septic shock, demonstrating greater measurable organ dysfunction within 24 h (APACHE II scores of 21 AE 8 vs. 15 AE 7, P ¼ 0.003). Furthermore, these patients had significantly longer hospital and ICU LOS (P < 0.001), and were more likely to present with intraabdominal sepsis as their primary sepsis diagnosis, whereas patients who did not develop secondary infections showed a predilection for necrotizing soft tissue infections.
Commonly identified etiologies of secondary infections within the surgical sepsis population included Gram-negative bacteria (34.5%), followed by Gram-positive bacteria (25.6%), fungi (15.5%), and viral infections (5.2%). Causative organisms were often either resistant or opportunisitic pathogens such as Candida spp., Pseudomonas aeruginosa, Enterobacter spp., Klebsiella spp., Staphylococcus aureus, Escherichia coli, and Herpes Simplex Virus (HSV) ( Table 5 ).
Biological Evidence of Immune Suppression
All sepsis patients demonstrated biomarker evidence to suggest impaired host immunity, with CCI patients displaying the greatest alterations in these biomarkers. In comparison to matched healthy controls, sepsis patients had lower ALCs, particularly within the first 4 days postsepsis event. Based on GEE model results, there were significant estimated differences in the slope for ALC over time between the CCI and RAP groups (P ¼ 0.036), with RAP patients demonstrating accelerated restoration of their ALCs (Fig. 4A) . In contrast, CCI patients experienced a more gradual increase in cell count, with ALCs often remaining suppressed out to 28 days (Fig. 4A) . HLA-DR expression was also dramatically reduced in all sepsis patients at every time point when compared with healthy controls (Fig. 4B) . GEE model analyses, used to examine the CCI and RAP groups, revealed that HLA-DR, over time, was significantly lower in CCI patients. Likewise, significant differences in HLA-DR were found at 14 and 21 days when examining means between groups at individual time points using nonparametric rank-sum tests (P < 0.05). Concentrations of sPD-L1 were markedly elevated in the sepsis population when compared with healthy controls. Among sepsis survivors, RAP patients demonstrated a decline of sPD-L1 toward normal range, whereas sPD-L1 remained persistently elevated in CCI patients (P < 0.05) (Fig. 4C) . Subanalysis of patients admitted with sepsis versus those who acquired sepsis after another injury such as trauma or a planned surgery, revealed no significant differences between the two groups with respect to the above biomarkers.
Univariate logistic regression model analyses revealed that all biomarkers were relatively poor at predicting the development of CCI at 24 h with AUCs of 0.536 (95% CI, 0.405-0.666), 0.637 (95% CI, 0.512-0.762), and 0.654 (95% CI, 0.516-0.792) for HLA-DR, sPD-L1, and ALC, respectively (Fig. 5A) . When combined, the multivariate model yielded an AUC of 0.652 (95% CI, 0.513-0.790). None of the unadjusted or adjusted ORs were significant. Similar results were observed for the outcome of secondary infections (Fig. 5B) . Clinical scoring, using patient APACHE II scores obtained at 24 h, only slightly improved the performance of the prediction models with AUCs of 0.748 (95% CI, 0.638-0.858) and 0.699 (95% CI, 0.583-0.815) for predicting CCI and secondary infections, respectively. DISCUSSION An increasing number of patients survive the exaggerated inflammatory phase of their initial septic insult, but often develop protracted hospital courses and ongoing organ dysfunction. These chronically critically ill patients are presumed to enter a prolonged immunosuppressive state, during which they are at increased risk for secondary infections and resulting mortality (21, 22) . This immunosuppressive state may occur as a result of chronic antigenic stimulation and T-cell exhaustion, but requires further investigation (23) . Although there is sufficient evidence to confirm immune suppression in those who die of sepsis and multiple organ failure, there is a relative paucity of data surrounding immune suppression in sepsis survivors, particularly those who develop CCI (24) . Rather, most studies, to date, have focused on characterizing the immunological phenotype of sepsis survivors as compared with nonsurvivors, with the goal of identifying biomarkers to predict mortality to sepsis.
Our study shows that all sepsis survivors, regardless of their clinical trajectory, exhibit impairment in host immunity, with biomarker alterations to suggest ongoing immunosuppression persisting out to a month after the initial septic insult. This immune suppression is manifested, clinically, by increased susceptibility to secondary infections during the index hospitalization after sepsis onset, with one-third of sepsis survivors (33%) developing a secondary infection. Strikingly, the nosocomial infection rate observed in postsepsis patients is almost 3 times higher than the current reported rate of health careassociated infections observed in adults and children in ICUs across the United States (13%) (25) . However, it is important to note that CCI patients accounted for the majority of subjects (89%) with secondary infections. One may assume this is due to their prolonged hospital and ICU LOS, which increase their exposure to highly virulent and resistant pathogens, and hence their risk of nosocomial infections. However, we found that differences between the mean secondary infections occurring in the CCI versus RAP population, when adjusted for hospital days, remained statistically significant (3.5 secondary infections per 100 hospital person days vs. 0.3, P < 0.001), suggesting an alternative explanation for the increased incidence of nosocomial infections in these patients.
One plausible explanation for the increased susceptibility to secondary infections in sepsis survivors is ongoing immune dysfunction, which is consistent with our previously proposed syndrome of persistent inflammation, immunosuppression, and catabolism (26) (27) (28) (29) . In the present study, we show that all septic patients demonstrate reduced ALCs and HLA-DR expression and increased sPD-L1 concentrations, which persist for weeks to months after sepsis onset. Compared with healthy individuals, the ALCs of CCI patients remained suppressed over time, whereas ALCs increased dramatically in the RAP group. Similarly, expression of HLA-DR in the septic population, measured by antibodies bound per cell, was one-third to one-half of that seen in healthy controls, suggesting greater monocyte deactivation in these patients (30) . There is also evidence to support a blunted adaptive immune response in septic patients, as indicated by their increased plasma concentrations of sPD-L1, which ultimately leads to the . Blood samples were collected at 0.5, 1, 4, 7, 14, 21, and 28 days after sepsis protocol onset from patients who developed sepsis in the surgical ICU and these patients were prospectively followed for development of CCI versus RAP. Absolute lymphocyte counts (ALC) (panel A), HLA-DR expression on CD14 þ monocytes (panel B), and plasma concentrations of sPD-L1 (panel C) were used to measure immune status in these patients. The biomarker means of CCI () and RAP () patients are reported at each time point. Using general estimating equations with Poisson variance assumption and log link, fitted mean function lines were plotted for the CCI and RAP groups with 95% confidence interval bands (RAP designated in blue and CCI designated in red). The estimated differences in slopes between CCI and RAP groups over time were significant for ALC (P ¼ 0.036) and sPD-L1 (À0.03, P ¼ 0.004) at 0.05 level and for HLA-DR (P ¼ 0.069) at 0.1 level, indicating ALC and HLA-DR were increasing and sPD-L1 was decreasing over time faster for RAP group. Nonparametric rank tests were also performed to determine significant differences at individual times, which are denoted along the x-axis with an asterisk ( * ). For ALC, the normal range for healthy controls is reported according to our institution's reference range. With regard to HLA-DR and sPD-L1, values from healthy controls are reported as the mean with standard error bands.
downregulation of T cells (31) . Of the sepsis population, those who developed CCI had significantly higher sPD-L1 concentrations and lower HLA-DR expression, most notable around 2 weeks after sepsis onset. These findings support a greater and a more prolonged impairment of both innate and adaptive immunity in the CCI group.
The immune suppression observed in the CCI group is not only reflected by deviations in quantifiable biomarkers such as the ALC, sPD-L1 concentrations, and HLA-DR expression, but is also clinically supported by these patients' increased susceptibility to secondary infections and all-cause mortality at 6 months. The pairing of physiological biomarkers of immunosuppression with clinical data to support immune suppression makes this study unique because previous studies have often looked at these entities in isolation of one another, or have looked at the relationship between these biomarkers and outcomes such as in-hospital mortality or multiple organ failure. Therefore, this is the first study to link the physiological and clinical data to support immune suppression with clinical outcomes such as CCI and secondary infections. With the research paradigm evolving to a bench-to-bedside-to-bench format, studies of this nature which will be increasingly relevant to ensure the applicability of future translational research.
With regard to the broader context of this research, our study challenges previous immune deficiency thresholds used to predict the risk of nosocomial sepsis. These thresholds include neutropenia (absolute neutrophil count <500 cells/mm 3 ), monocyte deactivation (HLA-DR expression <30% or <8,000-12,000 molecules per cell), lymphopenia (ALC < 1,000 cells/ mm 3 ), and hypogammaglobulinemia (IgG < 500 mg/dL) (32) . Refuting any of the above has significant clinical implications because several of these thresholds are used as criteria for 
Biomarker prediction modeling for the development of chronic critical illness (CCI) and secondary infections. Odds ratios were derived using logistic regression models both individually and including all listed variables, simultaneously. All prediction models were created using data obtained 24 h after sepsis management protocol onset. Receiver operating curves were constructed with the relative AUCs of each curve being reflected in the corresponding table. Aside from the absolute lymphocyte count (ALC), the other biomarkers (HLA-DR and sPD-L1) were relatively poor at predicting CCI and secondary infections. enrollment into current clinical trials. One ongoing clinical trial is evaluating immunomodulatory therapies, specifically GM-CSF, to decrease ICU acquired infections (NCT02361528). In this clinical trial, HLA-DR expression levels of less than 8,000 molecules per cell at day 3 of sepsis onset are used to determine sepsis-associated immunosuppression. However, this is problematic because our data suggest that a single measurement of HLA-DR, especially at the time of sepsis diagnosis, is a poor early predictor of outcomes such as the development of CCI and secondary infections, which represent the clinical manifestations of underlying immune suppression. In fact, HLA-DR levels of patients who rapidly recover versus those who progress to CCI and are at increased risk for nosocomial infections cannot be reliably distinguished until 7 to 14 days after sepsis onset, which is significantly longer than the collection time during which HLA-DR is measured in current clinical trials. Taken together, these findings raise the question as to whether these biomarkers of immune suppression can be used early in a patient's clinical course after sepsis to stratify patients into presumed clinical trajectories. Our data suggest that biomarkers obtained within the first 12 to 24 h will not aid in early prediction of CCI or secondary infections for this surgical sepsis cohort, although the utility of these biomarkers at later time points, or in sepsis with other origins, has yet to be determined. It is clear that additional studies will be required to assess the robustness of current biomarker thresholds being used to enroll sepsis patients in clinical trials, which are assumed to be linked to poor clinical outcomes.
Although these biomarkers could not distinguish between RAP and CCI patients at early time points, specifically within the first 24 h of sepsis diagnosis, there are significant differences in the overall trends between CCI and RAP patients, which mirrors their clinical trajectories. The divergence of these two patient populations, with respect to their clinical outcomes and immunologic phenotype, demonstrates there are key underlying differences present in host protective immunity. Whether these differences supersede a patient's sepsis diagnosis or arise as a product of sepsis, it has yet to be determined. However, the similarities in patient demographics and biomarkers, at baseline, suggest perhaps that these immunologic changes are triggered by sepsis, with more persistent immunologic alterations coinciding with increasing sepsis severity. Still, this hypothesis remains speculative, and further studies that include functional assays will be needed to fully assess the immunologic phenotype of these patient populations.
There are a number of limitations to this study that require comment. First, our study is limited to sepsis occurring within the surgical ICU population, so the results may not be applicable when extrapolated to the overall community. In addition, surgical patients are prone to recurrent inflammatory insults, which may lead to persistent immune dysregulation, predisposing them to develop CCI with resulting immune suppression. This study is also centered around the inpatient experience, and does not include postdischarge data following the index hospitalization, so infections occurring after hospital discharge are not accounted for in this analysis. Blood sampling is also confined to the inpatient setting, making it difficult to obtain samples at later time points, particularly in the RAP group as many of these patients were discharged. Undoubtedly, further long-term studies that involve collection of blood samples during later time points with a larger study cohort, including possible outpatient followup, may be required to reliably determine long-term differences in immune status between groups. Another limitation worth noting is the selection of the control population for this study. Septic ICU patients were compared with healthy age, race, and sex-matched controls rather than noninfected ICU patients, as there was concern that admission to the ICU for nonsepsis events such as severe traumatic injury generates a highly heterogeneous group of patients with varying organ injury that would likely minimize detectable differences in the experimental group. Finally, the recently established sepsis-3 definitions were not used to classify patients in the study because the use of qSOFA and operationalizing sepsis-3 remains controversial, and because CMS continues to use the old definitions, complicating the ability of physician-scientists to fully embrace sepsis-3.
Despite these limitations, we were able to conclude the following: postsepsis patients, for the most part, are immunosuppressed; and in comparison to those who rapidly recover, patients who develop CCI experience greater and more prolonged impairment of host protective immunity, as evidenced by their increased susceptibility to secondary infections, lower ALCs and mHLA-DR expression, and marked elevations in sPD-L1.
